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Abstract 
In the present paper, a new model of the collision term, of the 
Boltzmann Kinetic equation dealing with binary gas mixture affected by a 
centrifugal field, is introduced. The new model is representing a 
modification of the BGK (Bhatnagar-Gross-Krook) model of the 
Boltzmann kinetic equation to be suitable for studying the influence of 
centrifugal field affected on gases mixture. The scientific achievement of 
the new model is that it is a very simple model without any mathematical 
complexity; but without any loss of generality. We shed light upon that 
the new model is satisfied the conservation of energy, conservation of 
mass, and conservation of momentum laws, the second law of 
thermodynamic, and the principle of maximum entropy production that is 
like the BGK model itself. Complete mathematical model for a 
centrifugal field, used in Uranium enrichment process affected on gases 
mixture between two coaxial circular porous rotating cylinders, is 
presented which is an important application for our new model. We also, 
introduced the complete irreversible thermodynamics properties of the 
system for the first time at all, for the best of our knowledge. The 
entropy, entropy flux, entropy production, thermodynamic forces, kinetic 
coefficients are presented for our model system. The ratios between the 
different contributions of the internal energy changes are predicted via the 
extended Gibbs equation. The main important implementation of the 
model is the uranium enrichment that is used in nuclear energy generation 
or nuclear weapons, many medical applications and various industrial 
amazing applications. The flow of a binary gases mixture of UF6, and N2 
between rotating cylinders is the first important suggested problem 
enforcement of the new model. 
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Introduction: 
Uranium enrichment increases the proportion of the fissile 
isotope U-235 about five- or six-fold from the 0.7% of U-235 found 
in natural uranium. Uranium enrichment is a physical process, 
usually relying on the small mass difference between atoms of the 
two isotopes U-238 and U-235 [1]. We should shed light up on that, 
one gram of U-235 could release enough energy during fission to 
raise the temperature of 66 million gallons of water from 25
o 
C to 
100
o 
C while, to accomplish the same sort of feat by burning pure 
octane; it would require 1.65 million gallons of the fuel.  
The uranium enrichment processes in commercial use today require 
the uranium to be in a gaseous form and hence use the compound 
uranium hexafluoride (UF6). This becomes a gas at only 56
o
 C under 
atmospheric pressure, but is readily contained in steel cylinders as a 
liquid or solid under pressure [1]. Gas is supplied and centrifugal 
force tends to compress it in the outer region, but thermal agitation 
tends to redistribute the gas molecules throughout the whole volume. 
Light molecules are favored in this effect, and their concentration is 
higher near the center axis. By various means, a countercurrent flow 
of UF6 gas is established that tends to carry the heavy and light 
isotopes to opposite ends of the rotor [1, 2]. The American physicist 
J. W. Beams et al are the first who successfully demonstrate the 
centrifugal process of isotope separation by separating two chlorine 
isotopes through a vacuum ultracentrifuge [3]. 
Centrifugal separations may be classified as either analytical or 
preparative. In ‘analytical centrifugation’, the objective is to monitor 
particle sedimentation behavior in order to characterize particle 
properties, e.g., molecular weight, shape, and association. Today, 
centrifuges are routinely used in a variety of disciplines including 
the medical, pharmaceutical, mineral, chemical, dairy, food, and 
agricultural industries. Available centrifuge designs and 
configurations seem almost as numerous as the applications 
themselves [4].  
 
Mathematical and physical problem: 
Consider the unsteady flow of a gas mixture between two infinite 
coaxial circular cylinders with radii 1 2 and r r r  such that is 1 2(r )r . The 
outer cylinder is at rest, while the inner cylinder rotates at a constant 
angular velocity  . The rotation of the inner cylinder cases a centrifugal 
force 2( )m r where m is the mass of gas atom. An identical constant 
 3 
temperature wT is maintained at the surfaces of the cylinders with 
complete momentum and energy accommodation and diffuse reflection of 
incident gas molecules with equilibrium distribution functions 1f and 2f  
at the same temperature wT . 
We introduce a cylindrical coordinate system (r,, z), where the Oz axis 
coincides with the axis of the cylinders, r is the distance from this axis, 
and   is an azimuthally coordinate. The ax-symmetric z-independent 
state of a gas mixture is determined by the molecular-velocity distribution 
function  ( , , , , ) z rf r c c c t , where ,rc c  and zc  are the orthogonal 
components of the molecular velocity in the radial, azimuthal, and axial 
directions, respectively [5]. In the velocity space, we also introduce a 
cylindrical coordinate system with an axis parallel to the Oz axis. Let 
n
c denotes the velocity component that is lying in a plane perpendicular 
to the cylinders' axis and   be the angle between this component and the 
radial direction from the axis of symmetry. The orthogonal velocity 
components rc and c , and the polar coordinates of the velocity are 
related by the formulas Fig.(1): sin , cosr n nc c c c    
                
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The gas moves along azimuthal direction, while its radial velocity is zero 
[5]. We assumed that the distribution functions satisfied the kinetic 
equation with the new modified BGK collision term. The kinetic equation 
for both gases is written as [6-13]: 
 
(1)    0 0    
A A A A
AA A A AB B A
A
f f F f
c f f f f
t r m c
 
  
       
  
 
Fig.(1): Cylindrical coordinate systems . 
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(2)    0 0    
B B B B
BB B B BA A B
B
f f F f
c f f f f
t r m c
 
  
       
  
     
where AA , AB , BB and BA  are (gas A- gas A, gas A - gas B, gas B-
gas B and  gas B-gas A) new modified collision frequencies respectively 
that are given by us in the guide of the references [12-17]: 
(3) 
2 2
20 8( )
2 2 2
wA A A
AA
A w
n KTd d m r
Exp
m KT
 

       
      
      
          
, 
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2
0
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 

 
         
       
       
  
, 
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      
              
and 
2 2
2
0
8
( )
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BA
B w A
m m
KTd d m r m m
n Exp
m KT m
 

 
         
       
       
  
 
where 0n  is the gas concentration at rest ,  0f   are the local Maxwellian 
distribution function denoted by: 
(4) 
3 2
2
0 0 (2 ) 1 exp  
2
r r
w
w w w
c u c u c
f n RT
RT RT RT
  
 
    
     
   
, 
 or A B   
As the BGK model of the Boltzmann kinetic equation satisfied the 
conservation of energy, conservation of mass, conservation of momentum 
laws, the second law of thermodynamic, and the principle of maximum 
entropy production. Then our new model, also, satisfied the conservation 
of energy, conservation of mass, conservation of momentum laws, the 
second law of thermodynamic, and the principle of maximum entropy 
production because our new model had the same dependent the 
equilibrium and nonequilibrium distribution functions. Let us write the 
solution of Equation (1, 2) as suggested by Kashmarov [5] in the form: 
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(5) 
3
1 12
1 0
2
3
2 22
2 0
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exp :            
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r r
w
w w
w
r r
w
w w
w
c u c u
f n RT
RT RT
c
RT
f
c u c u
f n RT
RT RT
c
RT
   


   


   

    


  
    
 
      
  
 
 
   
 
  
     
  
 
where   and ri iu u    are eight unknown functions of time t and the 
distance variable r where  or A B  and 1 or 2i  . 
Using Grad's moment method [18- 20] multiplying equations (7) by 
( )jQ c  and integrating over all values of c

, we obtain the transfer 
equations in the forms: 
for gas A: 
(6)    
   
 
   
2
2
0 0
1 1
1
i
i A i r A A
r
i i
r A A
r
AA i A A AB i B A
Q
Q f dc r Q c f dc c f dc
t r r r c
Q Q
c c f dc r f dc
r c c
Q f f dc Q f f dc



 
 
  
  
  
   
  
  
  
 
 
 
and for gas B: 
 (7)     
   
 
   
2
2
0 0
1 1
1
i
i B i r B B
r
i i
r B B
r
BB i B B BA i A B
Q
Q f dc r Q c f dc c f dc
t r r r c
Q Q
c c f dc r f dc
r c c
Q f f dc Q f f dc



 
 
  
  
  
   
  
  
  
 
 
  
where iQ  is a function of the velocity. The moment iQ of ( )jQ c  is given 
by the integrals over the velocity distance from the relation [18- 20],  
(8) 
1
0
2
2
0
( )
                                
i i i n z n
i n z n
Q Q c f dc Q f c dc dc d
Q f c dc dc d
 
 

 

 


  

  
 
     
  
  
where ( ), 1,2i iQ Q c i   and n z ndc c dc dc d   
 
 6 
3- The Non-Equilibrium Thermodynamic Properties of The System: 
 
The everyday resorts to the linear theory of the thermodynamics of 
irreversible processes still constitute great interests [18-24]. This is 
associated both with the general theoretical importance of this theory and 
its numerous applications in various branches of science. It is 
unquestionable that the concept of entropy has played an essential role 
both in the physical and biological sciences [25-29]. Thus, we start the 
thermodynamic investigations of the problem from the evaluation of the 
entropy S  per unit mass of the gas, which is written as [23-29]: 
(9) 
0
1 1 2 2
0
ln ( ln  ln )S f fdC f f dC f f dC
    
    
              
The entropy flux vector       
(10)  
0
1 1 2 2
0
( ln ln )J C f f dC C f f dC
    
    

         
Accordingly, the entropy production has the form [23-29]: 
 (11) 0
dS S
J
dt t


   

 
 The generalized thermodynamic forces  are as follows [20-23 ]: 
 (12) *
1 2 3,   ,   r r
r r
X n X U X M
n U
 
       
where *
2
r
M
RT

  is the centrifugal Mach number and r  is the 
thickness of the layer adjacent to the inner cylinder in units of the mean 
free path, the distance between two collisions of the gas particles, in 
dimensionless form. 
After calculating the thermodynamic forces and the entropy production, 
we can obtain the kinetic coefficients Lij from the relationship between 
the entropy production and the thermodynamic forces, via the form [20, 
23]: 
 (13).  
11 12 13 1
1 2 3 21 22 23 2
31 32 33 3
( , ) 0S ij i j
i j
L L L X
y t L X X X X X L L L X
L L L X

  
  
    
  
  
  
This constitute the restriction on the sign of phenomenological 
coefficients
ijL , which arise because of the second law of the 
thermodynamics [20, 23-29], which can be deduced from the standard 
results in algebra. The necessary and sufficient conditions for 
( , ) 0s y t   are fulfilled by the determinant 
 (14) 0ij jiL L     , 
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 and all its principal minors are non-negative too. Another restriction on 
ijL  was established by Onsager (1931). He found that, besides the 
restriction on the sign, the phenomenological coefficients verify 
important symmetry properties. Invoking the principle of microscopic 
reversibility and using the theory of fluctuations, Onsager was able to 
demonstrate the symmetry property denoted by,  
 (15) ij jiL L   ,  
 which is called the Onsager's reciprocal relations.  
The Gibbs formula for the variation of the internal energy applied to the 
system, ( , )dU y t  is as follows:  
 (16) ( , ) ( , ) ( , )S VdU y t dU y t dU y t   .  
The internal energy change due to the variation of the extensive variables, 
such as entropy SdU , volume VdU , are respectively read for a gas [23], as 
follows:  
 (16) S VdU dU dU   
where 0SdU T dS  and 0VdU P dV .  Here  2n
dn
dV

  , 0 0 0P n T  , 
S S S
dS t r
t r
  

  
  
  
,
n
dn r
r




.     
Thus, we had finished the wholly presented of the new model and its 
thermodynamics prediction. 
 
Conclusion: 
 
We had introduced a new model of the collision term for the 
Boltzmann kinetic equation that is suitable for binary gas mixture 
suffered from strong centrifugal field in the uranium enrichment 
processes, which is also suitable for many various applications in 
industries. We also, introduced the complete irreversible properties of the 
system for the first time at all, for the best of our knowledge.   
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